Aims Plant parasitism and arbuscular mycorrhizal (AM) associations have many parallels and share a number of regulatory pathways. Despite a rapid increase in investigations addressing the roles of AM fungi in regulating interactions between parasitic plants and their hosts, few studies have tested the effect of AM fungi on the initiation and differentiation of haustoria, the parasite-specific structures exclusively responsible for host attachment and nutrient transfer. In this study, we tested the influence of AM fungi on haustorium formation in a root hemiparasitic plant. † Methods Using a facultative root hemiparasitic species (Pedicularis tricolor) with the potential to form AM associations, the effects of inoculation were tested with two AM fungal species, Glomus mosseae and Glomus intraradices, on haustorium initiation in P. tricolor grown alone or with Hordeum vulgare 'Fleet' (barley) as the host plant. This study consisted of two greenhouse pot experiments. † Key Results Both AM fungal species dramatically suppressed intraspecific haustorium initiation in P. tricolor at a very low colonization level. The suppression over-rode inductive effects of the parasite's host plant on haustoria production and caused significant growth depression of P. tricolor. † Conclusions AM fungi had strong and direct suppressive effects on haustorium formation in the root hemiparasite. The significant role of AM fungi in haustorium initiation of parasitic plants was demonstrated for the first time. This study provides new clues for the regulation of haustorium formation and a route to development of new biocontrol strategies in management of parasitic weeds.
INTRODUCTION
Parasitic plants and arbuscular mycorrhizal (AM) fungi are two ubiquitous and important components in terrestrial ecosystems. Both groups impose direct impacts on their host plants as well as consequent influences on community structure of their ecosystems (Press and Phoenix, 2005; Bardgett et al., 2006; Smith and Read, 2008) , though in very different ways. Despite their opposite influence on host plants (with parasitic plants often being parasitic and AM fungi mostly mutualistic), recent findings suggest that colonization by AM fungi and infection by root parasitic plants may be modulated by similar molecular mechanisms (Fernandez-Aparicio et al., 2010) , and interesting parallels between plant parasitism and AM associations have been indicated (Akiyama and Hayashi, 2006; Bouwmeester et al., 2007; Fernandez-Aparicio et al., 2010; Xie et al., 2010) . In addition, a limited but growing number of studies have found that the AM status of host plants significantly influences growth of parasitic plants (Davies and Graves, 1998; Lendzemo and Kuyper, 2001; Salonen et al., 2001; Gworgwor and Weber, 2003; Lendzemo et al., 2005; Lopez-Raez et al., 2011) . However, most root parasitic plants do not form mycorrhizal associations (Atsatt, 1973; Brundrett, 2002) and no study has experimentally addressed direct interactions between parasitic plants and AM colonization.
Pedicularis (Orobanchaceae), a genus of photosynthetic, root hemiparasitic plants which was thought to be nonmycorrhizal (Harley and Harley, 1987) , has been suggested to form associations with AM fungi (Lesica and Antibus, 1986; Kohn and Stasovski, 1990; Li and Guan, 2007) . In a survey of parasitic habit and AM status of Pedicularis spp. from Yunnan Province, China, Li and Guan (2008) found that some Pedicularis spp. can be AM while retaining their parasitic habit. Pedicularis species are known to form haustoria on individuals of its own species (intraspecific haustoria) or even on soil debris (Piehl, 1963; Ren et al., 2010) , indicating a primitive parasitic status. Hemiparasitic plants of the genus Pedicularis may therefore represent the earliest stage in the evolutionary transition to plant parasitism, evolving from autotrophy (generally AM) to heterotrophy (with a tendency to lose AM potential as they become more advanced and obligate parasites). Pedicularis thus provides an excellent system for analysing indirect (i.e. via host plants) as well as direct interactions between parasitic plants and AM fungi.
The extent to which parasitic plants depend on their host plants varies greatly (Press and Phoenix, 2005) . However, all parasitic plants develop organs called haustoria, which are invasive structures connecting their vasculature with that of their hosts to allow the transfer of nutrients and water (Estabrook and Yoder, 1998) . Initiation and proper development of haustoria is essential to successful parasitism (Westwood et al., 2010) . Better understanding of tripartite interactions among parasitic plants, their host plants and AM fungi requires investigation of the effects of fungal inoculation on initiation and differentiation of haustoria.
To our knowledge, there is only one report on the effects of AM fungi on haustorium formation. In their greenhouse experiment with a facultative root hemiparasitic species, Rhinanthus minor, Davies and Graves (1998) found that parasitic plants grown with an AM host produced twice as many haustoria as those grown with a non-mycorrhizal (NM) host. However, because the number of haustoria was presented per plant rather than number of haustoria per unit root, it is unclear whether the increased number was due to increased root biomass of the root parasite or increased incidence of haustorium formation per se. Furthermore, the authors did not test direct interactions between R. minor and AM fungi, as the parasitic species they used is a strictly NM species (Harley and Harley, 1987) , as confirmed by their experiment.
In this study, we used Pedicularis tricolor, a facultative root hemiparasitic species with the potential to be AM (Li and Guan, 2008) and to form intraspecific haustoria (A.-R. Li, unpubl. res.) , to test the effects of AM fungi on haustorium initiation and development. Specifically, we addressed the following questions. (1) Does inoculation with AM fungi affect formation of intraspecific haustoria in the absence of a host plant? (2) Does inoculation with AM fungi interfere with induction of haustoria in the presence of a host plant? Knowledge gained will shed light on how a primitive parasitic plant responds to AM colonization, will contribute to a better understanding of regulation of haustorium formation and may provide clues for development of new biocontrol strategies in management of parasitic weeds.
MATERIALS AND METHODS

Experimental design
The study consisted of two experiments. In expt 1, we tested the effect of different AM fungi on formation of intraspecific haustoria by Pedicularis tricolor Hand.-Mazz. in the absence of a host plant. Two species, Glomus mosseae (Nicol. and Gerd.) Gerdemann and Trappe (WFVAM45/BEG161) and Glomus intraradices Schenck and Smith (DAOM 181602, which has been recently reported to be Glomus irregulare (Stockinger et al., 2009) ), were used separately. Pot cultures of the fungi are maintained at the Waite Campus of the University of Adelaide. Five individuals of P. tricolor were grown in each pot and six replicate pots were set up for each treatment. In expt 2, we tested the influence of an AM fungus on haustorium initiation in the presence and absence of a host plant of P. tricolor. We conducted a factorial pot cultivation experiment using Hordeum vulgare 'Fleet' (barley) as host plant and G. intraradices (as used in expt 1). The experimental design was as follows: (1) two P. tricolor plants, no AM fungus or host plant; (2) two P. tricolor plants, inoculated with AM fungus but no host plant; (3) two P. tricolor plants, no AM fungus but with one host plant; and (4) two P. tricolor plants, with AM fungus and one host plant. Two individuals of Pedicularis were used in expt 2 so that in treatments without host plant, the root hemiparasites would form intraspecific haustoria, which is a similar design to expt 1 (but with only one AM fungal species and reduced plant density). We did that to test the consistency of AM fungal effects on haustorium formation between different environmental conditions (as with the two experiments). There were six replicate pots per treatment.
Growth medium, plant materials and AM fungal inoculum Growth medium. A mix of 10 % soil collected from the Waite Arboretum, University of Adelaide, Australia, and 90 % fine sand was used as growth medium in both experiments. Arboretum soil was sieved through a 2 mm sieve and then autoclaved along with fine sand at 121 8C (twice on separate days, 1 h each time). The soil mix had 2 . 6 mg kg 21 plant-available phosphorus by the resin extraction method (McLaughlin et al., 1994) and its pH (in 0 . 01 M CaCl 2 solution) was approx. 6 . 0.
Plant materials. Seeds of P. tricolor were collected from Shangri-la, Yunnan Province of China, in September 2008 and had been kept in paper bags at 4 8C until used. To promote germination, the seeds were surface sterilized in 4 . 5 % commercial sodium hypochlorite for 10 min, rinsed thoroughly with running reverse osmosis (RO) water, soaked in 1000 mg L 21 gibberellic acid for 2 h and then stratified at 4 8C for 1 week. Germination was carried out on filter papers at 20 8C in total darkness for 6 d.
Barley (H. vulgare) was used as host plant for P. tricolor based on previous host preference cultivation experiments (A.-R. Li, unpubl. res.) . Seeds of host species were surface sterilized in 4 . 5 % commercial sodium hypochlorite for 10 min, rinsed with RO water, and germinated on filter papers at 25 8C in total darkness for 3 d.
AM fungal inoculum. Inocula of G. mosseae and G. intraradices consisted of colonized root fragments, soil and spores, derived from pot cultures prepared with Medicago truncatula grown in 1:9 Arboretum soil -fine sand mix ( pH approx. 6 . 0) or Trifolium subterraneum grown in 1:9 Mallala soil -sand mix ( pH approx. 7 . 4), respectively. For NM treatments, noninoculated pot cultures from the same pot culture batch as G. mosseae were used. Ten per cent (w/w) of each type of inoculum was used in the soil mix for both experiments.
To introduce microbes other than AM fungi in all treatments, 20 mL of soil filtrate was added to each pot. The filtrate was made from a mix of all the types of inocula (each approx. 50 g) used in the corresponding experiment, suspended in 1 L of RO water and then filtered through Whatman filter papers #1 and #42 (Facelli et al., 2010) .
Planting and growth conditions
In expt 1, uniform newly germinated seeds of P. tricolor were planted directly into experimental pots. In expt 2, P. tricolor was pre-grown in nurse pots alone inoculated with G. intraradices or NM pot culture for 3 weeks and then transplanted into corresponding experimental pots at the same time as well-germinated barley seeds (average root length 6 cm).
The surface of the soil -sand mix was covered with autoclaved polyethylene beads to retain moisture, and pots were watered to weight with RO water every 2 d to maintain water content at around 10 % of oven-dry soil. Long Ashton nutrient solution minus phosphorus but with increased nitrogen (2 mM K 2 SO 4 , 1 . .
Harvest and sampling
Plants were harvested at 8 weeks after planting (expt 1) or transplanting (expt 2). In expt 2, plant height of P. tricolor was measured at 4 weeks after transplanting, when a difference was observed between AM-inoculated and NM plants. At harvest, the survival of P. tricolor plants was recorded. The shoots were cut at the soil surface and harvested separately from roots. Shoot dry weight per plant was determined after being oven-dried at 85 8C for 24 h. Thoroughly washed root samples were kept in 50 % ethanol until further analysis. Pedicularis roots were separated from those of their host plants (haustoria on host roots were carefully cut off with minimized host tissue and pooled with Pedicularis roots) under a stereomicroscope and fresh weights were determined after blotting with paper towels. Because roots of two Pedicularis plants proved to be impossible to separate from each other, roots from the same pot were treated as one sample.
For assessment of AM colonization and haustorium formation by Pedicularis in different treatments, a weighed subsample of root material ,1 mm in diameter was taken, cleared in 10 % KOH and stained in a 5 % ink -vinegar solution (Vierheilig et al., 1998) . Abuscular mycorrhizal colonization was recorded according to the magnified intersections method (McGonigle et al., 1990) . At least 100 intersections per sample were observed and the incidence of AM structures was scored for hyphae, arbuscules/coils and vesicles. The percentage incidence of each structure over total intersections was calculated and the total percentage colonization was determined. The incidence of haustorium formation was recorded as the number of haustoria per gram root dry weight. The number of haustoria of the sub-sample was counted under a bright field microscope at a magnification of ×40. Haustoria with distinct xylem bridges were recorded as presumably functional haustoria (PFH; Li and Guan, 2008) . The remainder of the root samples was oven-dried at 85 8C for 48 h and the dry weights were determined. The dry weight of a sub-sample used for checking AM colonization and haustorium formation was obtained from the ratio between the fresh weight and dry weight of the remainder and the fresh weight of the sub-sample.
Data analysis
For the data from expt 1, one-way analysis of variance (ANOVA) was performed using Statistical Product and Service Solutions (SPSS) software (version 16 . 0; SPSS China Ltd, Shanghai, China), and Duncan's multiple range test was used for comparing the means. Data from expt 2 were analysed by PERMANOVA, a non-parametric method for ANOVA, as most of the data did not fulfil the assumptions of either normality or homogeneity of variances required for a parametric ANOVA. Pair-wise a posteriori comparisons of the means were done wherever necessary according to the User's Guide of this program (Anderson, 2005) .
RESULTS
AM fungal colonization
No AM fungal colonization occurred in non-inoculated plants in either experiment. The colonization levels in P. tricolor roots were generally very low. In expt 1, the average colonization of P. tricolor by G. mosseae and G. intraradices was 3 . 4 and 13 . 7 % root length, respectively. In expt 2, the mean colonization of P. tricolor by G. intraradices was 4 . 9 % in the presence of barley and 15 . 5 % in its absence, despite high colonization in barley roots (91 . 4 %). Hyphae were virtually the only structures observed in P. tricolor rootlets. Barley roots developed extensive arbuscules (62 . 9 % root length) and vesicles (24 . 4 % root length), together with hyphae.
Effects of different AM fungi on formation of intraspecific haustoria and growth of P. tricolor (expt 1)
Numerous haustoria occurred on rootlets of P. tricolor, among which some were presumed to be functional (i.e. with a xylem bridge). Inoculation with either AM fungal species significantly reduced the total number of haustoria and number of PFH. There was no significant difference between the two AM fungal species in their influence on formation of intraspecific haustoria by P. tricolor (Fig. 1) . No AM-related growth response was observed in this experiment (P ¼ 0 . 412 for shoot dry weight per plant, and P ¼ 0 . 861 for survival of P. tricolor).
Effects of G. intraradices on haustorium formation and growth of P. tricolor in the absence/presence of a host plant (expt 2)
As in expt 1, intraspecific haustoria were formed in the absence of a host plant. Inoculation with G. intraradices strongly repressed initiation and differentiation of haustoria in P. tricolor, with or without the presence of barley (Table 1 and Fig. 2 ). Arbuscular mycorrhizal fungal-inoculated P. tricolor seedlings showed severe growth depression 4 weeks after transplanting (P , 0 . 001). At 4 weeks, plant heights of inoculated P. tricolor were 0 . 8 + 0 . 1 cm in the presence of barley and 0 . 9 + 0 . 1 cm in the absence of barley, while those in NM treatments were 1 . 8 + 0 . 2 and 2 . 9 + 0 . 2 cm, respectively. High mortality was observed in AM fungal-inoculated treatments at harvest (Fig. 2D) . In contrast, barley had a negligible influence on the total number of haustoria and survival rate of P. tricolor, but significantly promoted the formation of PFH (Table 1 and Fig. 2 ). Significant interaction effects were detected between the host plant and AM Significant values are highlighted in bold. inoculation on the formation of PFH (Table 1) . As a result, suppressing effects of G. intraradices over-rode the promoting effects of barley on PFH formation (Figs 2B, C and 3).
DISCUSSION
Inoculation with AM fungi dramatically suppressed haustorium formation in both experiments, despite very low colonization of P. tricolor roots. The low AM colonization in P. tricolor may be due to poor suitability of the AM fungal species for the parasitic plant. A high AM colonization level in barley roots confirmed the high inoculum potential of the inoculum and appropriate environmental conditions for growth and development of these fungi. According to our previous studies, a single Pedicularis species may have a highly variable extent of AM colonization at different field sampling sites (range 19-68 %), indicating a significant influence of environmental factors as well as plant -fungal interactions (Li and Guan, 2007) . Numerous studies have found that AM fungal identity affects colonization in the same plant species (Smith and Read, 2008; Facelli et al., 2010) . Although we have previously confirmed that the predominant AM fungi associated with P. tricolor are Glomus spp. (A.-R. Li, unpubl. res.) , further investigation is required to determine any AM fungal preferences in P. tricolor and whether AM fungi that colonize more effectively have similar effects to the fungi used in this study.
In both experiments, P. tricolor produced abundant intraspecific haustoria in the absence of a host plant. This indicates that inducing factors derived from host plants are not exclusively required for haustorium initiation in P. tricolor. However, the presence of a host plant played a key role in haustorium differentiation (shown as an increased percentage of PFH, Fig. 2C ), as previously reported for other parasitic plants (Riopel and Musselman, 1979; Cameron and Seel, 2007) . Intraspecific haustorium formation has been observed previously in facultative root hemiparasites, but usually numbers are lower than we observed here (Piehl, 1963; Atsatt et al., 1978; Yoder, 1997; Westwood et al., 2010) . From an evolutionary point of view, the production of non-functional haustoria would confer little advantage to a parasitic plant and would exert a substantial energy cost (Stewart and Press, 1990) . Suppression of intraspecific haustorium formation by AM fungi may be beneficial to the root parasite. Again, further investigations are required.
The suppression of haustorium formation was associated with significant growth depression in P. tricolor following AM inoculation in expt 2, but not in expt 1. The reasons for the difference and the underlying mechanisms require further investigation. They may include different ages of the plants at harvest, seasonally different growth conditions and the effects of transplanting in expt 2. In fact, AM-related growth depressions have been reported for non-parasitic plants even when the percentage colonization is low Smith et al., 2009 Smith et al., , 2011 . In those cases, AM fungi suppressed phosporus uptake by the roots but supplied little phosporus because the colonization was too low. It will therefore be intriguing to test whether the phosporus uptake by roots of P. tricolor will be suppressed following AM inoculation.
To date there has been no empirical demonstration of AM fungi directly influencing haustorium formation in parasitic plants. Results from this study are a proof of concept, demonstrating that some AM fungal species can have a direct influence on haustorium formation in P. tricolor ( Fig. 1 and Table 1 ). In contrast to a previous report on host-mediated promoting effects of Glomus spp. on haustorium formation in R. minor (Davies and Graves, 1998) , inoculation with Glomus spp. strongly suppressed haustorium formation in P. tricolor and even over-rode the inductive effect of the presence of a host plant (Figs 2 and 3) . The effects observed here may be caused by a direct interaction between AM fungi and P. tricolor, which is obviously not the case for the strictly NM R. minor. More work has to be done to reveal the underlying mechanisms.
Since haustoria are the exclusive structures of all parasitic plants via which nutrients and water are absorbed from host plants, the fact that inoculation with some AM fungi significantly suppresses formation of haustoria opens up the possibility of using these beneficial fungi in biocontrol of parasitic weeds. Furthermore, AM fungi have been found to reduce strigolactone production by host plants (Lopez-Raez et al., 2011) and hence repress seed germination of obligate parasitic plants whose germination often depends on the presence of strigolactones (Lendzemo and Kuyper, 2001; Gworgwor and Weber, 2003; Lendzemo et al., 2005) . Arbuscular mycorrhizal fungi may therefore suppress infection of host plants by root parasitic plants at two very different stages, which would enhance biocontrol efficiency. Considering their mutualistic associations with most plant species (Smith and Read, 2008) , using AM fungi as biocontrol agents in management of root parasitic weeds is much safer and more effective in terms of a sustainable practice than using pathogenic microbes. Furthermore, a thorough study of the underlying mechanisms by which AM fungi suppress haustorium initiation may inspire more effective strategies in management of parasitic weeds.
